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INTRODUCTION
Stocks of many non-U.S. firms are traded in the United States. The issue of where price discovery occurs for such firms is surprisingly understudied. For instance, we lack evidence that yields a firm answer to the question of whether U.S. trading follows the home market or the home market follows the U.S. Furthermore, how do the prices in both markets adjust to an exchange rate shock? Does arbitrage avoidance require both markets to simultaneously adjust to a new exchange rate or does the adjustment tend to occur all in one market?
While there is no paper that attempts to address both of these issues as will be done here, there is a literature that addresses the relationship between prices of foreign equities and their U.S. listings. This literature is overwhelmingly focused on lowfrequency daily returns so that issues of non-synchronous prices are potentially important. Exceptions include Ding, Harris, Lau, and McInish (1999) , who examine the links between Singapore and Malaysia trading for one Malaysian firm and Eun and Sabherwal (2003) who examine the links between U.S. and Canadian trading for a sample of Canadian firms. These studies show significant price discovery in both the home and foreign market. While these papers are innovative and instructive, they differ from the analysis developed below in that they do not model the exchange rate process, but use exchange rates to convert equity prices into common units across countries. In addition, their samples have more time-aggregation between observations than the sample employed below. Harris, McInish, and Wood (2001) While analysis in an intra-day setting is required to provide hard evidence, lowerfrequency studies have found an independent effect of the U.S. market. For instance, Kim, Szakmary, and Mathur (2000) use daily data on 21 Japanese, 21 British, 5 Dutch, 5 Swedish, and 4 Australian firms to estimate VAR models of the impact of the underlying shares, the New York afternoon exchange rate, and the U.S. market index on ADR prices.
They find that the underlying shares appear to be most important, but there is a significant independent role for the exchange rate and the U.S. market index in pricing ADRs. While their paper does not specifically address the issue of price discovery, their findings of a role for the U.S. factor suggest that the issue of price discovery requires a more detailed analysis. Other studies using daily data on individual stocks have focused on other markets. Kato, Linn, and Schallheim (1990) examine 7 U.K., 8 Japanese, and 8
Australian stocks also traded in New York and find evidence that the price in the home country leads the price in New York. They convert home country prices into dollars using a daily exchange rate taken from the Wall Street Journal. Lau and Diltz (1994) study 7 Japanese stocks also traded in New York and find bi-directional causality but a stronger impact of NYSE returns on Tokyo returns than the reverse. They convert the Tokyo prices into dollars using daily exchange rates from the Chicago Mercantile Exchange. Lieberman, Ben-Zion, and Hauser (1999) examine 6 Israeli stocks that are listed in New York and find that price discovery appears to occur in Israel for five of the firms with Teva having a dominant role for the U.S. They suggest that the result for Teva is due to Teva being a multinational firm. Their study converts the Israeli prices into dollars using a daily exchange rate from the Bank of Israel. Wang, Rui, and Firth (2002) examine a group of Hong Kong stocks that are also traded in London and find bidirectional causality for local market returns between the two markets but with Hong Kong being the dominant market. The exchange rate is not incorporated into their analysis.
The evidence from low-frequency daily data indicates that the issue of price discovery for cross-listed shares is rather unsettled. Generally, the papers are not actually conducting tests for price discovery in the recent sense of the word but are examining pricing links across markets. One may draw inference, however, that while the majority of low-frequency evidence points toward the home market as being the dominant source of pricing, results are mixed and some studies find the U.S. prices to be dominant. Aside from Kim, Szakmary, and Mathur, the low-frequency studies do not allow for an independent role of the exchange rate but, instead, translate home market prices into dollars.
One goal of this paper is to provide evidence on the information shares of U.S. and home market trading using contemporaneously sampled, high-frequency data. A second goal is to provide evidence on the equity price response at home and in the U.S. to an exchange rate shock. There is a large literature on the effect of exchange rate changes on equity prices, but this literature has focused on the foreign exchange exposure effect of exchange rate changes for a single firm in its home country. Such studies have (quite properly) conducted analyses at a low time series frequency as they were concerned with issues related to the management of foreign exchange risk exposure. There is a limited literature that examines higher-frequency evidence of exchange rate changes and stock prices. Karolyi and Stulz (1996) examined the determinants of correlations between open to close daily returns on 8 Japanese stocks traded in the United States with a matched sample of U.S. stocks. Their data included daily returns on yen/dollar futures contracts.
They found that shocks to the currency futures returns had no measurable influence on the Japanese and U.S. stock price correlations. Bailey, Chan, and Chung (2000) studied the impact of the Mexican peso/U.S. dollar exchange rate on prices of Mexican firms traded on the NYSE. They sampled stock prices and exchange rates at 30-minute intervals and found that peso depreciation was associated with decreases in the stock prices. Ours is the first study to examine the high-frequency response of pairs of internationally cross-listed equity prices to exchange rates at the time resolution relevant for arbitrageurs.
One might think of price discovery for a U.S.-listed European stock, e.g. the German Deutsche Telekom to be determined in the following way. News in Germany is most important for this stock, so during home market business hours, the price fluctuates with public and private information revelation. Once U.S. trading begins in the ADR, 1 the price of the stock may include relevant information coming from the North American market as inventory and information-based trading occurs during the overlap between European and American trading hours. In addition, dollar/euro exchange rate fluctuations will have implications for the stock prices in both Europe and America.
After an exchange rate shock, arbitrage will restrict the ADR price so that it does not deviate too far from the home market price when both are measured in a common currency. For instance, dollar depreciation would tend to increase the dollar price of the ADR and/or lower the euro price of the underlying home-market shares. Since there has been no intra-daily analysis of how international stock prices adjust to exchange rate shocks, we do not know if adjustment is symmetric in both the home country and the U.S. markets or if most or all of the adjustment to an exchange rate shock occurs in one market location. Our analysis will provide a first look at this issue.
The use of high-frequency, intra-day data allows a view of the market dynamics that cannot be achieved in daily data or lower-frequency intra-day data. Besides the issue of non-synchronous quotes that arises in using closing prices from different international markets, one cannot make meaningful inferences regarding price discovery except at the high-frequency relevant for actual trading. Furthermore, the pattern of adjustment of stock prices to exchange rate shocks would be lost due to time aggregation. Traders respond quickly to new information, so to infer the stock price response to an exchange rate shock one must examine the data immediately after the change in the exchange rate.
At a low frequency, there will be many reasons why stock prices change so that one cannot clearly identify the link between a change in the exchange rate and a subsequent change in the price of a stock. The gain from using high-frequency data is essentially that there may be one-way causality existing among variables at a high sampling frequency that dissolves into contemporaneous correlation at a lower sampling frequency.
We investigate the issue of price discovery for three large German blue-chip firms that are traded on the XETRA system in Germany and the New York Stock Exchange (NYSE) in the United States: Daimler-Chrysler, Deutsche Telekom, and SAP. The paper is organized as follows: Section 2I presents a brief overview of relevant institutional detail regarding the trading venues, trading mechanisms, and firms studied. Section 3 introduces the basic equilibrium relationships in the context of a simple microstructure model of the market. Section 4 provides the framework for analysis and discusses issues of methodology. Section 5 presents and discusses the data and estimation results.
Finally, a summary and conclusion is provided in Section 6. Beyond the issue of perfect substitutability, there may also exist "limits of arbitrage" in the sense of Shleifer and Vishny (1997) . In this setting noise traders generate deviations of prices from fundamental values that may persist for some time.
INSTITUTIONAL DETAILS
Such deviations are not easily exploited by arbitragers risking other peoples' capital and 9 subject to short-term performance constraints. However, in our setting of two stocks traded simultaneously for the same firm, an arbitrage strategy is straightforward and relatively easy to implement. Therefore, in normal times we expect (and observe) the law of one price holding for ADRs and home-market stocks. Only in extreme circumstances, such as during a financial crisis as discussed in Melvin (forthcoming), do we ever see persistent deviations from the law of one price for ADRs and home-market shares. In such cases, arbitrage is ineffective in the manner discussed by Shleifer and Vishny.
INTERNATIONAL EQUITY TRADING AND EQUILIBRIUM

RELATIONSHIPS
Equilibrium in the market for U.S.-traded shares and the underlying home-market shares involves the dollar price of the ADR or GRS, the home-market price of the underlying shares, and the exchange rate. We motivate the empirical analysis by first presenting a simple microstructure model where price discovery is assumed to occur in the home market. We assume that the log of the exchange rate at time t, E t , is exogenous with respect to U.S. and home-market shares and evolves as a random walk with innovation u t :
The log of the home-market share price, , follows a random walk and introduces the innovation or random-walk component in the intrinsic value of the firm as v
The log of the U.S. share price, , adjusts to the last observed exchange rate and homemarket price and also includes a random term, w u t P t , to reflect any U.S.-based randomness that may be due to tick-size, liquidity orders, or any other idiosyncratic source:
The innovations u t , v t , and w t are assumed to be both serially and contemporaneously uncorrelated with zero mean.
Though arbitrage would result in the U.S. price closely following the exchangerate-adjusted home market price during the time of day when the two markets overlap, it is not necessary that the two values be equal at every point in time. There should be a noarbitrage band due to transaction costs, and for ADRs, time lags and associated exchange rate risk involved in conversions of home-market shares into ADRs or the flow-back conversions in the opposite direction.
6 However, the two stock prices, denominated in the same currency, should move closely together over time. If we subtract the log of the U.S. price from the log of the dollar value of a home-market share we have:
Since the linear combination of the log exchange rate, log home-market price, and log U.S. price is stationary, , , and are cointegrated with cointegrating vector
It is easily seen that in the simple model of equations (1)- (3) only the home market innovations u and the exchange rate innovations v determine the long run development of the U.S. price. Both home market price and exchange rate are completely determined by their own innovations, whereas the U.S. market innovations w exert only a transitory effect on the U.S. price and do not influence the home market price and the exchange rate at all. In other words, price discovery for the stock is exclusively taking place in the home market. In our empirical model, however, we allow the innovations of both home market price, exchange rate, and U.S. market price to exert permanent effects on all three price series. However, the magnitude of the permanent effects are allowed to be different and estimated empirically. Note that in the simple model outlined above the permanent effect of an innovation is either 100 percent (innovation u on E and P t E h t P u t P u , respectively and innovation v on P h and P u , respectively) or zero (innovation w on all price series).
For the general model employed in our empirical analysis, we maintain the assumption of the existence of one cointegrating relation between , , and with t E h t P u t P 11 6 Miller and Morey (1996) study the price of Glaxo-Wellcome stock during the overlap of trading between London and New York and show that the differences between the ADR and the London price do not exceed the transaction costs that would be associated with arbitrage.
cointegrating vector A'=[1 1 -1]. We further assume that the vector can be represented by a nonstationary vector autoregression of the form:
where t ε is zero-mean white noise with covariance matrix Ω . From the Granger Representation Theorem (Engle and Granger, 1987) we know that if there are cointegrating relations among the elements of P, there exists an error correction representation of the form:
where
CONTRIBUTIONS TO PRICE DISCOVERY
In order to estimate the contribution of each market to price discovery, we adapt the method proposed by Hasbrouck (1995) , and write the cointegrated system in a vector moving average (VMA) representation:
Cointegration of the three price series with cointegrating vector A' implies that , where (6). In the second step we estimate a VEC model with the identified lag length, which is then used in a dynamic simulation to estimate the VMA parameters in (7) and the elements of the
Ψ is estimated, we can infer the share of information associated with innovations to each market by using a method similar to Hasbrouck (1995) . 8 In contrast to Hasbrouck's analysis, however, our model contains two common trends that can be naturally associated with the efficient exchange rate and the efficient stock price. Hasbrouck's price discovery study of inner-U.S.
markets implies one common trend (the efficient stock price) and N-1 cointegrating relations (with N the number of parallel markets), whereas in our model of international price discovery there is room only for one cointegrating vector.
From Stock and Watson's (1988) common trends representation of a cointegrated system it can be seen that the permanent impact of innovations on the three asset prices is given by the vector
. It is useful to write the components of this vector explicitly as: 
For example, with the elements in P t being ordered as , , and , the first row of
, gives the long-run component of the innovations that is permanently impounded in the exchange rate. The permanent impact of a one unit innovation in price j on price i is given by ψ is the long-run impact of a one-unit innovation in the home-market price on the exchange rate random walk.
Given our prior beliefs regarding international price discovery, we expect the ) 1 ( Hamilton (1994) p. 318-323 for a discussion of this method.
13 8 An alternative method for inferring price discovery follows Gonzalo and Granger's (1995) common factor approach. In a special issue of the Journal of Financial Markets, papers by Lehmann (2002) , Baillie, Booth, Tse, and Zabotina (2002) , DeJong (2002) , Hasbrouck (2002) , and Harris, McInish, and Wood (2002) , provide a detailed analysis of the two approaches. One important difference arises in the possible imprecision of the information shares approach if there exists substantive cross-correlation across markets. In our application, the residual correlations across markets are so small that imprecision is not a practical issue.
matrix to have a specific form. In particular, we expect:
, , and . Intuitively, and equaling zero means that the exchange rate is unaffected by home and U.S. market innovations. Furthermore, the assumed symmetric response to innovations coming from the home and the U.S. market (implied by and ) follows from the restrictions imposed by cointegration, i.e., and a cointegrating vector of In case of contemporaneous correlation among the innovations, it is not possible to identify an independent information share for each asset without further restrictions.
To circumvent this problem, we follow the standard approach by using the Cholesky factorization of Ω. This provides a lower triangular matrix C, where
Cholesky factorization is creating an orthogonalization by which one could, for example, first isolate the impact of the exchange rate innovation, then the home-market innovation conditioned on the exchange rate innovation, and then the U.S. innovation, conditioned on both of the other markets. In this recursive setting, one may think of the orthogonalized innovation in the U.S. market as being the residual of a regression of the given ordering of markets, one now may compute the information share of market j with respect to price series i, S ij , as:
This normalization guarantees that the information shares sum to unity for each price series. The Cholesky factorization will result in providing an upper bound on the share for the market ordered first and a lower bound for the share of the market ordered last.
Hence, the resulting information shares will depend upon a specific ordering of the markets, and it is important to check that the qualitative results are robust across alternative orderings. There are a couple of ways in which this issue may be addressed.
We could appeal to directed acyclic graph analysis as discussed in Swanson and Granger (1997) to motivate a particular ordering of the variables (which would support a choice of the order we actually use: exchange rate, home-market price, and U.S. price). However, given our high frequency sample, we will demonstrate in our empirical application that the estimated upper and lower bounds for the information shares lie in a very tight range regardless of the ordering so that the issue is relatively unimportant in our case.
DATA AND ESTIMATION RESULTS
Data and Informal Evidence
We study the relationship between U.S. and German trading over the common indicative quotes tend to be more volatile and exhibit higher negative autocorrelation than the best bid and ask quotes from the brokerage. However, quotes from the brokerage are not public information and only indicative quotes are available for our sample. The NYSE quote data are taken from the TAQ data set available from the NYSE. The XETRA quote data are proprietary data provided by the Frankfurt Stock Exchange for this study. Both quote series represent firm quotes at which trades may occur. Table 1 lists summary statistics for each firm and each market. The first two columns provide average bid and ask prices. XETRA quotes are in euro while NYSE quotes are in dollars.
The dollar price of the euro was greater than 1 during this period, with a mean of 1.0607
for the bid price, so dollar prices exceed euro prices on the same firm. The SAP ADR represents 1/12 of a share of SAP stock as issued in Germany. In Table 1 and the empirical work that follows, the NYSE prices are multiplied by 12 to be comparable to the home-market shares. The third column shows that XETRA quoting is more intense than NYSE. XETRA quotes range from 3.4 times the NYSE quotes for DCX to 3.9 times the NYSE quotes for DT. Number of shares traded is also higher on XETRA than for the NYSE. The fourth column shows the average daily trading volume in each market and it is seen that the ratio of XETRA volume to NYSE volume ranges from 3.0 for SAP to 20.5 for DT. The last column reports the average daily turnover as measured in euro for XETRA and dollars for the NYSE. In German trading, DCX generates the highest volume, followed by DT and then SAP. Analyzing the share of volume we see that the NYSE share is largest for SAP, followed by DCX and DT.
<Table 1 goes here> Figure 1 plots the stock prices and the exchange rate, all measured as the average of bid and ask prices, over the 3-month period we study. The difference between the two prices reflects the exchange rate, which is seen in the final graph to move in a fairly narrow range over the sample period. The actual dollar/euro exchange rate traded within a range of 1.0355 to 1.0889 over the August -October period studied. The fact that the exchange rate was close to 1 over the period results in the XETRA euro price and the NYSE dollar price moving closely together over time.
<Figure 1 goes here>
The volume and turnover data presented in Table 1 tend to confirm the notion that XETRA provides the primary market and U.S. trading is in the derivative asset.
Additional informal evidence may be seen in plots of the quoting intensity of each market. 
Econometric Model Specification and Estimation
The informal evidence presented in Table 1 and Figure 2 is useful and provocative, but is only suggestive of the interdependencies between the markets. We now turn to the formal econometric evidence regarding the relationship between U.S. and home-market trading. First, we discuss additional issues related to data and sampling and then we develop the estimates in line with the discussion in Sections III and IV.
All asset price series are in logarithms of the average of the bid and ask prices.
We use the midpoint of the quotes rather than the bid or ask as our basic unit of observation for two reasons. First, this is the most frequent methodology used in the literature. Second, using midpoints minimizes the possibility that quotes are being revised just on one side of the market or the other to reflect positions. It is unlikely that the choice of midpoint versus bid or ask prices will have any substantive effect on the results. The asset prices were sampled at 10-second intervals to assemble the basic data set. The choice of sampling interval was made with the issue of contemporaneous correlation in mind. There can be one-way causality existing among variables at a high sampling frequency that dissolves into contemporaneous correlation at higher levels of temporal aggregation. 11 We examined the correlations among the residuals of our threeequation VEC system over alternative sampling frequencies and chose 10 seconds as being suitable relative to lower frequencies like 1 minute, as the 1 minute frequency yielded much more evidence of significant contemporaneous correlation. At sampling frequencies higher than 10 seconds there was no gain in terms of reducing significant contemporaneous correlations, but there is a tradeoff with issues such as nonsynchronous quoting or other sources of microstructure "noise" that makes 10 seconds
preferable. An additional sampling issue is with regard to overnight returns and lags.
11 See Granger (1988) for discussion of related issues.
We created a data set that started each day with observations on the dependent variables and lags so that no overnight returns were used and no lags reached back to prior days. Augmented Dickey-Fuller tests revealed unit roots in the log of each asset price and the variables were identified as being I(1). Johansen cointegration tests were performed and the results clearly support the hypothesis of one cointegrating vector among the 3 variables (see Table 2 ). The next step is to estimate the VEC equation (7).
The choice of lag length was determined by the Schwarz Information Criterion (SIC).
We started with 18 lags, which is 3 minutes in a sample with observations at 10-second intervals. Then, holding the number of observations constant, we estimated the VEC at each shorter lag length down to 1 lag to determine the lag structure that minimized the SIC. This revealed 3 lags as optimal for SAP and DT and 4 lags as optimal for DCX.
The cointegrating relations of the estimated VECs are reported in Table 2 . With the variables ordered as exchange rate, home-market price, and U.S. price, the estimated cointegrating vectors are close to the vector A'=[1 1 -1] indicated by theory. For each security, summary statistics are given on the order of cointegration in Table 2 . 12 In all 3 cases, the data support one cointegrating vector.
<Table 2 goes here>
The estimation precision is assessed by employing the bootstrap method suggested by Li and Maddala (1997) . In order not to distort the dynamic properties of the cointegrated system we choose to bootstrap from the residuals of our estimated VEC 12 See Johansen (1991) for discussion of the test statistics. models rather than from the actual data. 13 More precisely, the estimated residuals are resampled by drawing observations randomly with replacement and then building a new vector of observations on the data from the innovations and the lagged values of the dependent variables. From the new set of observations, parameters are re-estimated.
This process is repeated 1,000 times to generate the empirical distributions for the parameters of interest. The bootstrap procedure offers the chance to obtain parameter standard errors (and in fact estimates of the whole distribution) when they are not available analytically. We thus overcome the drawback that the precision regarding estimates of the long run impact matrix and the information shares cannot be assessed analytically. All standard errors reported in tables 3 (long run impacts) and 4 (information shares) as well as the density estimates of the information shares in figure 3 are based on the bootstrap samples.
14 By a dynamic simulation of the VECMs we find the VMA parameter matrices in equation (8) and, by summing up, the estimates of the Ψ(1) matrix. As a byproduct, this procedure also enables us to plot impulse response functions (IRFs) which illustrate the impact of a one-unit innovation in the XETRA price, the NYSE price, and the exchange rate. The values to which the IRFs converge are the respective elements of the Ψ (1) matrix. IRF plots of the functions are given in Figure 3 and estimates of the Ψ(1) matrix are reported in Table 3 . Focusing first on the NYSE innovations, one can see that there is a larger impact on XETRA prices for DCX and SAP than for DTE. In addition, there is no apparent effect on the exchange rate. Similarly, a shock to the XETRA price has no effect on the exchange rate, but a considerable effect on the NYSE price. Finally, exchange rate innovations are seen to have a large impact on the NYSE price but a very 13 Given the dynamic structure of the model, bootstrapping the dependent variables would distort the true relationships when lagged dependent variables appear on the right-hand-side of the equation. See Sapp (2000) for a similar bootstrap application to high-frequency exchange rate data. 14 Asymptotic inference on the long-run impact matrix and the information shares is provided by Paruolo (1997a Paruolo ( , 1997b .
small effect on the XETRA price. The effects just detailed anticipate the price-discovery findings to be reported below. In terms of the time required for the system to converge to a new equilibrium, the impulse responses are plotted for units representing 10-second intervals. While results differ somewhat across the various plots in Figure 3 , it appears that convergence to the new equilibrium occurs within about 200 intervals, or 33 minutes, following a 1-unit innovation in the various prices.
<Figure 3 goes here>
The estimates of the Ψ(1) matrices meet our prior expectations as discussed in the previous section: the exchange rate appears to be unaffected by innovations in the stock prices (for instance, the DCX impact of a unit shock to the XETRA price on the exchange rate of -0.005 with a standard error of 0.011); the long-run impact of a shock to the XETRA price is about the same on both XETRA and NYSE prices (note the DCX impacts of a unit shock to the XETRA price equal to 0.822 and 0.818 on XETRA and NYSE prices, respectively); and the long-run impact of a shock to the NYSE price is about the same on both XETRA and NYSE prices (DCX impacts of 0.250 and 0.261 for NYSE shock effects on XETRA and NYSE prices, respectively). In addition, Table 3 reports estimates of parameters for which we had no prior beliefs: the long-run impact of a shock to the XETRA price is greater than the long-run impact of a shock to the NYSE price (compare 0.822 to 0.250 for the DCX XETRA price) and shocks to the exchange rate have a greater impact on the NYSE price than the XETRA price (compare 0.435 to -0.132 for DCX). The greater impact of XETRA prices compared to NYSE prices is consistent with a view that price is discovered in Frankfurt and then New York follows with the derivative market.
<Table 3 goes here>
The fact that the NYSE price appears to accommodate most of the adjustment to an exchange rate shock while the XETRA price is relatively unaffected by such shocks is important new evidence on how international equity prices evolve. One might think that, given a shift in the exchange rate, both prices would tend to adjust to a new equilibrium defined by the new exchange rate. For instance, if the dollar depreciates against the euro, we might expect arbitrage forces to result in a rise in the NYSE price and a simultaneous fall in the XETRA price in order for the "law of one price" to hold in the international equity market. Instead, the evidence indicates that almost all of the adjustment to a new exchange rate comes through changes in the NYSE price. There is a small and statistically significant negative effect of the exchange rate innovation on the XETRA price that is roughly the same magnitude for DCX and SAP but much smaller for DT.
However, the NYSE effect is about 3 times the XETRA effect for DCX and SAP and about 12 times the XETRA effect in the case of DT. 15 The fact that the NYSE price does most of the adjustment to an exchange rate shock is additional evidence that the ADR is priced as the derivative asset. Given the home-market price, a change in the exchange rate requires a change in the NYSE price in order to follow the XETRA price. In order to prevent arbitrage opportunities, it is no surprise that there is a very quick adjustment in the stock prices following an exchange rate change. This dynamic pattern of adjustment to an exchange rate change across international equity markets would be lost in an analysis at a low time series frequency.
Information Shares
As explained above, the triangularization of the innovation variance-covariance matrix results in an upper bound on the estimated information share for the variable that 15 The exchange rate evidence is also suggestive that our overall results are not driven by the fact that there is more frequent quoting on XETRA than the NYSE. It does not appear to be the case that XETRA seems to be the "first mover" just because they have more frequent quotes. The NYSE quotes do most of the adjusting to the exchange rate while XETRA quotes appear to be relatively unaffected by exchange rate changes. The differences in our estimates across firms (even though all three have about the same ratios of XETRA to NYSE quotes) is corollary evidence that the results may reflect real economic phenomena and are not just an artifact of quote frequency.
comes first in the ordering and a lower bound on the information share for the variable that comes last in the ordering. We will later address this issue by estimating the upper and lower bounds of information shares. First, an ordering of exchange rate, homemarket price, and U.S. price is used to estimate the information shares. We use this order in computing the information shares reported in Table 4 . <Table 4 goes here> Table 4 contains estimates and standard errors of information shares. For instance, consider the first row of information shares for DCX. The exchange rate innovations account for essentially all price discovery in the exchange rate with the stock prices contributing essentially nothing. This is consistent with the exchange rate being exogenous with respect to the two stock prices. The same pattern is seen for the other two stocks as well. Figure 3 contains estimates of the kernel densities associated with the information shares. The figure provides a more detailed look at the differences across the firms than the standard errors reported in Table 4 .
<Figure 3 goes here>
Analyzing the information shares related to the XETRA prices, we find that the exchange rate innovations contribute less than 1 percent for all three firms. The XETRA price innovations are shown to be most important with information shares ranging from 0.991 for DT to 0.798 for SAP. The NYSE innovations have an information share of approximately zero for DT, about 9 percent for DCX, and about 20 percent for SAP.
The information shares related to NYSE prices indicate that the exchange rate accounts for shares ranging from about 5 percent for DT to about 7 percent for DCX.
XETRA price innovations have the largest information share of about 84 percent for DCX, 94 percent for DT, and 75 percent for SAP. The NYSE price innovations account for an information share of about zero for DT, 9 percent for DCX, and 19 percent for SAP. Note that the estimation precision is high as indicated by the small standard errors.
The top two graphs of Figure 4 emphasize the result that the exchange rate innovations have an effect on NYSE prices that is markedly different than the effect on the XETRA prices. If one superimposed the XETRA figure on the NYSE, not even the extreme tails would overlap. On the other hand, it is seen in the four lower figures that the effects of XETRA price innovations and NYSE price innovations are similar for stocks in both trading locations. The kernel densities look quite similar for XETRA innovation effects on XETRA and NYSE prices and NYSE innovation effects on XETRA and NYSE prices.
An overview of the results reported in Table 4 and Figure 3 offers a clear interpretation of the findings: a) the exchange rate is exogenous with respect to the stock prices; b) exchange rate innovations are more important in understanding the evolution of NYSE prices than XETRA prices; and c) most of the fundamental or random walk component of the value of the 3 firms is determined in Frankfurt.
There are striking differences across the three firms, especially between the DT and SAP results. The XETRA price innovation share is above 99 percent for the XETRA price of DT. The same information share for SAP is about 75 percent. There is almost a 20 percent information share for the NYSE innovation in both the XETRA and NYSE prices for SAP. Why does DT have such a large information share for XETRA relative to SAP and DCX? In contrast to DCX and SAP, DT appears to be more of a German firm than a multinational firm. This is borne out in the revenue data as U.S.-based revenue accounts for less than 1 percent of DT revenue, a little more than 50 percent of DCX revenue, and a little less than 50 percent of SAP revenue. 16 Even more descriptive of the differences between the multinational nature of SAP shares relative to DT is the U.S.
versus non-U.S. location of mutual fund holders of each stock. The shares of the NYSE 16 An examination of each firm's web homepage indicated the following recent data: DCX, total revenue in the 3 rd quarter of 1999 was 36.3 billion euro with 19.3 billion euro from the U.S.; DT, total revenue in 1999 was 35.5 billion euro with 161 million euro from the U.S.; SAP, total revenue in the 3 rd quarter of 1999 was 1.1 billion euro with 492 million euro from the U.S. traded stocks held by U.S. versus non-U.S. mutual funds in January, 2001 are: DCX, 9,152,343/132,084,720; DT, 693,933/24,173,898; and SAP, 7,969,826/958,013. 17 U.S. So DCX lies in between SAP and DT in terms of the strength of its U.S. following.
Beyond the obvious differences in terms of the geographic distribution of ownership, there may be some additional factors that help explain the fact that SAP has a larger share of price discovery for the NYSE than DT or DCX. First, SAP is considered a "new economy" stock and the U.S. market focus on those firms may account for the larger information share of the NYSE. Second, SAP's biggest rivals are U.S. firms. So U.S.
news may be more relevant for SAP than DCX, who has major rivals in Europe and Asia, or DT, who essentially does business in Europe only.
The ordering of variables underlying Table 4 was motivated by our priors on the likely recursive ordering of the contemporaneous correlation. However, one can further explore the sensitivity of results over the alternative possible orderings. We do so in order to demonstrate that the bounds for information shares are quite small. By permuting the order of variables in the Cholesky decomposition, we find the bounds for information shares given in Table 5 . In many cases, the bounds are so tight that the upper and lower values round to the same 3 decimal places. In other cases, there is less than 1 percentage point difference. Given the tight bounds that exist over alternative orderings, it is clear that the information shares and associated inferences are unaffected in any substantive manner by the ordering of variables.
<Table 5 goes here>
As a final robustness check, we re-estimated the system using one-minute sampling intervals instead of the 10-second intervals employed above. The results change little. The most notable difference is for DCX. At the lower one-minute frequency there is a larger (smaller) information share for NYSE (XETRA) innovations on prices in both markets and a larger (smaller) impact of exchange rate innovations on XETRA (NYSE) prices. We conjecture that this has to do with DCX being a globally registered share with a narrower no-arbitrage band than in the case of the ADRs.
Consider the effects of an exchange rate shock. The NYSE price adjusts quickly to restore the law of one price while the XETRA price moves very little. This is as found at the 10-second frequency. However at a lower frequency, the true relationships become blurred as the NYSE information share is overstated as it includes both the effects of NYSE price shocks as well as the exchange rate shocks to which the NYSE price has already adjusted.
Simulation of Bivariate and Trivariate Models
It is important to emphasize that information shares may be sensitive to the methodology chosen with respect to the exchange rate. Prior studies have used the exchange rate to convert one stock price into the same currency units as the other and then estimate a two-variable, or bivariate, system. We allow the exchange rate to enter the analysis separately and estimate a three-variable, or trivariate, system. To explore the sensitivity of information shares to model specification, a simulation study is conducted.
Specifically, a data generating process (DGP) is simulated to find the information shares of NYSE innovations with respect to the XETRA price and XETRA innovations with respect to the NYSE price. The variance of the exchange rate innovations is allowed to take five different values. Then the trivariate model, as put forward in this paper, is compared to the bivariate model. The latter is estimated both in terms of the NYSE price converted to euros and the XETRA price converted to dollars. The exact parameterization of the model is given in Table 6 . We generate 1,000 datasets of 40,000
observations each using the model specified in Table 6 for each of the exchange rate variance values. Table 6 reports the average information shares over the 1,000
replications for each DGP.
<Table 6 goes here>
The trivariate model reports exchange rate information shares for home and U.S. stock prices. As expected, the greater the volatility of the exchange rate, the greater the exchange rate information shares. Of greater interest, however, is the stock price information shares. The true DGP implies that the information shares associated with each stock price should be equal, or their ratio should equal 1. As shown in Table 6 , this is basically the result found in the trivariate case. However, the bivariate models reveal that the greater the exchange rate variance, the greater the information share of the stock market incorporating the exchange rate and the smaller the information share of the other market. For instance, with an exchange rate variance of 2, if the U.S. price is converted to euros, then the U.S. information share is 0.821 while the home information share is 0.179. But if the home price is converted to dollars, then the results are just reversed.
The simulations clearly reveal that the bivariate approach can be quite misleading with a bias towards overstating the information share of the market whose price is converted into the foreign currency. The more volatile are exchange rates, the greater the bias.
SUMMARY AND CONCLUSIONS
We now return to the initial questions that motivated this study: where does price discovery occur for internationally-traded firms and how do international stock prices adjust to an exchange rate shock? Our approach to answering these questions involves an analysis of the high-frequency quotes on three blue-chip German firms during the daily An additional question of interest related to the first question is: how do international stock prices adjust to an exchange rate shock? We find that the New York prices bear almost all of the adjustment to exchange rate changes. For each of our firms, the information shares attributed to the exchange rate in explaining XETRA prices are approximately zero. For NYSE prices, the exchange rate innovations have an information share of at least 5 percent. Thus, the NYSE investor is subject to exchange rate risk in that prices incorporate another source of uncertainty beyond the value of the firm itself and this is not the case for the home market investor.
Simulation results indicate the potential importance of estimating a trivariate system with an independent role for the exchange rate rather then a bivariate system where the exchange rate is used to convert one price into the same currency as the other price. The bivariate system suffers from a bias towards overstating the information share of the market whose price is converted into foreign currency. The greater the exchange rate volatility, the greater the bias. In the case of low exchange rate volatility, as in our sample, the bias should not be large. However, without estimating the trivariate system, it would not be possible to reveal the dependence of NYSE prices on exchange rate shocks and the independence of XETRA prices.
The evidence suggests a structure of the international equity market that has the home-market largely determining the random walk component of the international value of a firm along with an independent role for exchange rate shocks to affect prices in the derivative markets. This is not to say that the NYSE does not contribute to price discovery in the case of New York trading in foreign firms. In fact, we find that for SAP the information share of the NYSE in explaining XETRA and NYSE price innovations is about 20 percent. So while there may be some role for U.S. market price discovery, the evidence is strongly supportive of prices largely being determined in the home market. where ∆P t contains the change in the logs of the exchange rate, the home-market price, and the U.S. price; Z t-1 is the lagged log-levels of each variable in the cointegrating equation estimated by the Johansen method. The table reports the cointegating vector that applies to Z. α, B, and δ are coefficients to be estimated and are not reported to conserve space. The bootstrap standard errors are in parentheses. At the bottom of each table is the number of observations for that firm (each day, the time of the first observation is defined by the first quote), the log likelihood associated with the estimated system, and summary statistics associated with the Johansen test for the order of cointegration, where h = number of cointegrating relations, LR = likelihood ratio statistic, crit. 5 %: critical values of LR statistics taken from Hamilton (1994) , pp. 767-768. In each case, the results support 1 cointegrating vector. (1)
The reported coefficients indicate that the exchange rate appears to be unaffected by innovations in the stock prices. The long-run impact of a shock to the home-market stock price appears to be similar for both XETRA and NYSE prices. Similarly, the long-run impact of a shock to the U.S. stock price appears to be the same for both XETRA and NYSE prices. The long-run impact of a shock to the home-market price is larger than the impact of a shock to the U.S. price in all cases. Shocks to the exchange rate appear to have a larger impact on the NYSE price than the XETRA price. Table 4 Information Shares of the Exchange Rate, Home-Market Price, and U.S. Price in Price Discovery of Internationally-Traded Equities
The information shares are the proportion of the innovation variance in the value of asset i that can be attributed to innovations in the price of asset j. The estimates are drawn from a VEC model involving the dollar/euro exchange rate, the home-market (XETRA) price, and the U.S. (NYSE) price. That particular order of the three variables is utilized in the triangularization of the covariance matrix. Elements of each row may not sum exactly to 1 due to rounding to 3 decimal places. Bootstrap standard errors are in parentheses.
Exchange Figure 2
Intra-daily Quoting Intensities
The figures show the average number of quotes per second for each 5-minute interval over the XETRA and NYSE trading day for the period August 1 -September 19, 1999 when XETRA closed at 16:00 GMT.
Figure 3 Impulse Response Functions
The figures trace the long run impact of a one unit innovation in Xetra, NYSE and the exchange rate, respectively, by iterating forward on the estimated VECM in equation (7).
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Figure 4 Kernel Density Estimates of Estimated Information Shares
The figures show the density estimates of the estimated information shares with respect to XETRA and NYSE price innovations based on a sample of 1,000 bootstrap replications. To account for the bounded support of the data, the beta kernel proposed by Chen (1999) with Silverman's (1986) bandwidth selector, adjusted for variable kernels, was employed.
